The affinity of antibodies for univalent ligands, expressed as the average intrinsic association constant for the reversible formation of soluble complexes, is usually determined by equilibrium dialysis (1-5). Ultracentrifugation (6), quenching of antibody fluorescence (7, 8) , fluorescence polarization (9, 10), and paper electrophoresis (11) have also been applied in selected systems. Generally, these methods require at least microgram amounts of antibody. The need for a more sensitive technique has arisen in connection with our studies of the specific binding properties of the anti-dinitrophenyl antibodies synthesized in vitro by suspensions of lymph node ceils. Although they are produced in minute amounts, these antibodies can be highly labeled by providing the cells with radioactive amino acids as precursors (12). Accordingly, an assay has been devised for determining the binding properties of trace amounts of labeled antibodies. The assay measures the relative ability of the labeled antibodies to combine and precipitate with antigen in the presence of a large amount of unlabeled reference antibody of the same specificity.
Preparation oJ Labeled Antibodies.--When ~H-L-leucine is added to suspensions of lymph node cells taken from immunized rabbits, the cells secrete 3H-labeled proteins into the incubation medium. This protein is almost completely precipitated by goat antiserum to rabbit 3,G-immmzoglobulin, and as much as 60% of it may he anti-DNP antibody (12, 16, 17) . Details concerning the incubation of lymph node cells and the measurement of total TCA-precipitable protein may be found in Helmreich et al. (12) and in the following paper (17) .
As:aN for Relative Affinity o~ Labeled Antibody.--Extracellular medium (incubation medium
after removal of cells) containing aH-anti-DNP antibody was deaxed by centrlfugation for 1-2 hr at 30,000 X g. Aliquots of the medium were mixed with reference antiserum, specific for the DNP group, and with various amounts of antigen (usually DNP-HSA). Mter incubation at 37°C for 1 hr, and at 4°C for 12-36 hr, the resulting precipitates were analyzed for antibody content and for radioactivity by the following procedure. Each precipitate was washed five times with cold buffer containing 0.15 ~ NaC1, 0.01 v phosphate, pH 7.5, and unlabled leudne 1 mg/ml; it was then dissolved in 1.5 ml sodium dodecyl sulfate, 5 mg/ml, by warming at 37°C for approximately 30 rain. The solution was centrifuged to remove debris, and the total antibody concentration was obtained from the absorbance at 278 and 360 m~ (13) . Protein content was expressed in absorbance units (i.e., net absorbance times volume). Sufficient B31G and DNP-HSA were then added to 1.0 ml of the dissolved precipitate so that the final absorbance at 278 and 360 m# was the same for all the samples. These additions were necessary to minimize differences in quenching of the fluorescence emission of the scintillators among the various samples. TCA was added to a final concentration of 10%; the resulting precipitate was washed once with 3:1 (v/v) ethanol-ether, and dissolved in 0.5 ml Hyamine and 10 nd toluene containing PPO (4 g/liter) and POPOP z Abbreviations used are: DNP, 2,4-dinitrophenyl; B3'G, bovine 'y-globulin; HSA, human serum albumin; TCA, trichloroacetic acid.
(0.1 g/liter). Radioactivity was determined in a Packard Tri-Carb liquid scintillation counter. The specific activity of each precipitate was used to establish the relative affinity of the labeled antibodies in the incubation medium (see Results) .
Some of the assays were designed so that the amount of serum antibody precipitated covered the entire range from 0-100~ of the total precipitable antibody; for example, see Fig. 2 . Usually, however, only three points on the precipitin curve were analyzed, those at 0, 45-50, and 90-100~ of maximum precipitation. Each point was analyzed in duplicate; six samples were thus required to determine the relative affm/ty of each labeled antibody preparation (e.g., Table I , samples 1-6).
Radioactivity and absorbance measurements in the assays were corrected by subtracting the counts per minute or absorbance of tubes containing no antigen (e.g., Table I , samples 1 and 2) from the 50 and 100~ precipitation samples. The magnitude of the radioactivity blank (0% precipitation) depended on the amount of serum or protein present in the initial reaction mixture. When carrier protein was omitted, this blank was extremely high. Addition of increasing amounts of normal serum to the initial reaction mixture lowered the blank progressively (Table I , samples 7-16); with 1.0 ml of serum the blank was generally less than 1% of the total TCA-predpitable radioactivity. Hence, whenever less than 1 ml of anti-DNP serum was used, normal rabbit serum was added to provide a total serum volume of 1 ml per tube. In contrast to the importance of total serum in the sample, unrelated immune precipitates (e.g., ovalbumin plus rabbit antiserum to ovalbumin) brought down relatively little additional radioactivity; the amount was variable and rarely amounted to more than a doubling of the blank obtained with 1.0 ml serum and no precipitate; it was therefore ignored (Table I, samples [17] [18] [19] [20] [21] [22] .
The sensitivity and precision of the assay depend mainly on the amount of labeled anti-DNP antibody precipitated, compared to the radioactivity blank. Results were considered reliable only if the maximum radioactive antibody precipitated was at least four times the blank. In favorable cases (anti-DNP antibody more than 10% and the radioactivity blank less than 1% of the total TCA-precipitable epm.), the assay can discriminate between samples of labeled antibody that differ in association constant by no more than a factor of 2, as determined by comparing the secreted antibody to unlabeled (reference) antibody of known binding constant (see Results) . No general figure for the precision of the assay can be given since the correspondence among replicate samples depended on the relative magnitudes of the samples and blanks. However, for most assays, the precision was 4-10%.
RESITLTS
The assay for relative binding constants is based on the usual theoretical treatment for the binding of simple ligands by macromolecules (18) (19) (20) . It is assumed that the ligand is univalent and that its combination with binding sites on antibody molecules occurs by means of the reversible reaction:
antibody site + ligand ~--antibody site-ligand complex (I)
If there are two independent classes of sites that bind the ligand, each with a characteristic binding constant, the fraction of sites of each kind combined with ligand is given by the equations:
RELATIVE AI~]~INITY OF LABELED ANTIBODIES 
Typical binding curves for specific values of the parameters B, K, and K' are shown in Fig. 1 . The general form of the binding curves specified by equations (3a) and (3b) is considered in detail in the Appendix. Suppose that one class of sites, B', is on radioactively labded molecules, and that these are present in trace amounts compared to the unlabeled molecules, i.e., that the concentration of total sites is very nearly the same as that of unlabeled sites. The binding constants K and K' can then be determined by measuring the fraction of total (0) and the fraction of labeled (0') antibody sites that are occupied by ligand as a function of ligand concentration. These measurements could be made if it were possible to separate the bound from the free antibody sites. However, for ligands that are small relative to the antibody molecule, such a separation is not feasible. In contrast, if the ligands are large and multivalent (e.g., dinitrophenylated serum albumin) their combination with antibody results in the formation of complex aggregates that often precipitate, especially if the complexes are formed in antibody excess. If it is assumed that unprecipitated antibody molecules have none of their sites oc-cupied by ligand, whereas precipitated molecules have all their sites occupied, then the process of precipitation separates the bound from the free sites. By measuring the fraction of labeled and the fraction of total antibody in the precipitates, 0 and 0' can be determined.
The Although each preparation of ~H-antibody was precipitated separately with the reference antiserum, the results of the two assays are presented together here, the circles representing one assay and the squares the other. --©--, labeled antibody A was obtained from lymph node cells of a rabbit 9 wk after injecting 1 mg DNP-BTG and 8 days after repeating this injection; --n--labeled antibody C was obtained from the lymph node cells of a rabbit 8 days after injecting 1 mg DNP-hemocyanin.
• l, reference serum was pooled from a group of rabbits bled 5 wk after one injection with 1 mg DNP-hemocyardn; antibodies isolated from such a pool usually have an association constant for the binding of e-DNP-r.-lysine of about 1 X 107 M -1. The vertical bars indicate the two points, P1 and P~, used to determine the relative affinity. 0 and 0' are the fractions of total and radioactive antibody precipitated.
For convenience in comparing precipitin curves with different antisera, the amount of antigen added (abscissa) is normalized with respect to the ma~mum amount of antibody precipitated. (Example: if the maximum amount of antibody precipitated in absorbance units at 278 m/~ is 0.900, and the amount of DNP-HSA added to form this precipitate is 0.650 in absorbance units at 360 mfl, the normalized value for units of antigen added is (0.650/ 0.900) X i00 = 72.) a reference antiserum containing unlabeled antibody of the same specificity. Various amounts of antigen are added, and the protein content and radioactivity of the resulting precipitates are determined. The fraction of the total antibody precipitated (0), as well as the fraction of the labeled antibody precipitated (8'), axe plotted as a function of antigen added. Fig. 2 shows the precipitation patterns of two different labeled anti-DNP antibody preparations, compared one at a time to the same reference antiserum. It is evident that labeled antibody A precipitates more readily, and labeled antibody C less readily, than the antibodies in the reference serum.
The precipitating antigen in the assay is a dinitrophenylated protein, usually DNP-HSA, that differs from the immunizing antigen, usually DNP-B~G. Since the DNP-lysyl residue is very likely the only immunogenic group common to both proteins, the differences in precipitation might be expected to reflect variations in the a~finity for this determinant. However, the equations for the binding of simple ligands cannot simply be assumed to apply to multivalent ligands or to precipitation. The formation of a precipitate involves both a change in phase (from soluble to insoluble complexes) and undoubtedly a number of nonspecific reactions between antibody and antigen molecules, i.e., intermolecular reactions that do not involve the active sites. Despite these limitations, the precipitin curves in Fig. 2 resemble quite closely, in the region antibody excess, the theoretical binding curves in Fig. 1 . Evidently, antigen multivalence and the complications of precipitation do not entirely exclude the application of the binding theory to this system.
For univalent ligands, once 0 and 0' have been determined, it is possible to obtain K ~, the binding constant for the radioactively labeled antibody sites, directly from equation (3b). With multivalent ligands, however, the relevant ligand concentration cannot be determined. Nevertheless, it is possible to eliminate the ligand term by combining equations (3a) and (3b).
Now, K ~ is expressed in terms of 0, 0' and K, the association constant for the reference antibody, which can be obtained by an independent method such as equilibrium dialysis or fluorescence quenching.
The binding constants of the labeled antibodies in Fig. 2 can now be calculated. Antibody A: when 0, the fraction of total antibody precipitated, is 0.5, Y, the fraction of radioactive antibody precipitated, is 0.75. Therefore, K' is equal to 3K. Antibody C: when 0 is 0.5, 0' is 0.08, and K t is equal to 0.09K. Anti-DNP antibody isolated from the reference antiserum was found, by the method of fluorescence quenching, to have an average association constant for ¢-DNP-L-lysine of 1 X 10 7 M -1. Assuming that the purified antibodies are a representative selection of the antibodies in the reference antiserum (8), the derived association constants for labeled antibodies A and C are 3 X 10 7 and 9 X 10 5 ~f-1, respectively.
This procedure for determining binding constants of labeled antibodies can be checked by another method that is more direct and involves no assumptions about the relation of the theoretical binding curves to the precipitin data. For any labeled antibody preparation, it is possible to find an antiserum that gives a coincident preclpitin curve when precipitated together with the labeled antibody. The average binding constant of the antibodies in this serum is then assumed to be the binding constant of the labeled antibody preparation. Thus, in Fig. 3 (upper) , labeled antibody C is matched by the chosen antiserum, as indicated by the overlapping precipitin curves: Antibodies isolated from this reference antiserum have affinity for e-DNP-L-lysine of about 1 X 10 e ~r -1. Similarly, in Fig. 3 (lower) , labeled antibody A is matched by an antiserum whose isolated anti-DNP molecules bind the same ligand with an association constant of I X 10 a M --I or more. These then are the approximate association constants of the labeled antibody preparations. Fig. 2 ; IB, the reference serum was pooled from rabbits bled 10 days after one injection of 2 mg DNP-B3~G. Lower: O, the labeled antibody was the same as preparation A in Fig. 2 ; 0, the reference serum was pooled from rabbits bled 12-13 wk after one injection of 2 nag DNP-Bh'G. Units for ordinate and abscissa are as described in Fig. 2 .
The agreement between this direct procedure and the method of calculation based on equations (3a) and (3b) is relatively good for antibody C and less good for antibody A. However, with respect to the determination of association constants of high affinity antibodies by fluorescence quenching, there is some uncertainty in the precise value of the binding constant when K lies above 5 X 107M -1.
The relative binding strengths of a number of labeled antibodies can be determined by comparing them to the same reference antiserum. We have generally found it convenient to compare the specific activities of only two pre-cipitates, such as PI and P2 in Fig. 2 , rather than to determine 0 and O' over the entire precipitin curve. For each labeled antibody, the results can then be expressed numerically as the ratio of specific activities at these two points along the precipitin curves. Thus, in Fig. 2 at Pa, 50 % of the reference antibody and 75 % of labeled antibody A was precipitated. The specific activity of this precipitate (in arbitrary units) is 1.5. At P~, 100 % of the reference antibody and 90 % Of antibody A were precipitated giving a specific activity of 0.9. The ratio of these specific activities is called the rdatire a~nity of the labeled antibody:
Specific activity at P1 1.5 Relative affinity .... 1.7 Specific activity at P~ 0.9
A similar calculation indicates that the relative affinity of labeled antibody C with respect to the same antiserum is 0.17. If the precipitin curves of the labeled antibody and reference antiserum coincide (constant specific activity of the precipitates) then the relative atSnity of the labeled antibody with respect to that reference serum is 1.0. If the precipitin curve for the labeled antibody lies above the curve for the reference serum (Fig. 2 , all-antibody A), its relative affinity with respect to that antiserum is greater than 1.0. Conversely, if the precipitin curve for the labeled antibody lies below that of the reference serum (Fig. 2, 8I -I-antibody C) its relative affinity is less than 1.0.
The fraction of labeled antibodies bound by ligand (0') cannot be obtained directly from the relative affinity since the total radioactive antibody is not measured in this method. Therefore the relative af~nlty numbers cannot be converted directly into association constants. However, the binding constants can always be obtained by carrying out complete precipitin curves and applying equation (4), or by "matching" the labeled antibody preparation with an antiserum of known binding constant. The numerical value of the relative atSnity depends both on the characteristics of the labeled and of the reference antibodies. Moreover, it depends to some extent on the particular precipitates chosen for the calculation. Had we chosen P1 and P~ (Fig. 2 ) at 40 and 90 % precipitation of the reference antiserum, the relative affinities of antibodies A and C would have been 1.5 and 0.27 instead of 1.7 and 0.17. Clearly, the precise numerical value of the relative affinity is to some extent arbitrary, but the assay provides a sensitive method for comparing the binding strength of a number of labeled antibodies.
The validity of this method for measuring binding strength was investigated in experiments summarized in Table II . Two labeled anti-DNP antibody preparations, one of high and the other of low relative at~nity, were mixed in various proportions, creating several labeled antibody preparations of intermediate affinity. The original preparations and the mixtures were then compared to three different antisera. The specific activities of precipitates at Px and at P~ were determined and the ratios calculated to give the relative atSnities as de- * Reference anthem were obtained at various intervals after immunizing groups of rabbits with 2 mg DNP-B3'G. The times of bleeding and the average intrinsic association constants (Ko) for the binding of e-DNP-blysine by antibodies purified from these sera were: P, 10 days, Ko ffi 1.2 X 100 if-l; Q, 5 wk, Ko = 9.3 X 106 ~t-1; R, 11 wk, Ko > 1 X 10 s ~-1.
Labded antibody A was obtained from the lymph node cell suspension of a rabbit 9 days after immunization with 2 mg DNP-BTG. Labded antibody E was obtained from a call suspension 9 wk after immunization with 2 mg DNP-B-rG.
§ The calcttlation of expected cpm precipitated was based on the assumption that the cpm precipitated of each labeled antibody was directly proportional to the fraction of that antibody in the mixture. Sample calculation for mixture B and reference serum P: I[ Relative affinity is defined in the text. The specific activity of precipitates (expected and observed) was calculated from the precipitated cpm (expected and observed) and the absorbance of the dissolved precipitates. With reference serum P, the ratio of antibody precipitated at/'1 to that at/'2 was 0.51; with Q it was 0.50; and with R it was 0.49; P2 was the point of maximum precipitation (equivalence) of the reference antiserum. A representative calculation is as foUows (mixture B and reference serum P):
Expected specific activity at Pt 1790/0.51 Expected relative affinity ---1.2 Expected specific activity at P2 2900/1.0 fined above. Anti-DNP antibodies were isolated from the different sera and their average binding constants for E-DNP-L-lysine were determined. Several features of the data in Table II should be noted. 1. The expected counts per minute precipitated (and hence the expected relative n ffinlties) corresponded within experimental error to the observed values, thus establishing that the two populations of labeled antibodies behaved independently in the precipitation assay.
2. For a given mixture of labeled antibodies (e.g., mixture C consisting of 50 % antibody A plus 50 % antibody E) the relative affinity usually varied inversely with the average association constants of antibodies in the reference sera. This relation is consistent with equations (3a) and (3b).
3. The proportion of the total 8H-antibody precipitated at P2, the equivalence point of the reference antiserum, depended on the affinity of the labeled antibodies relative to that of the antibodies in the reference serurn. For example, the affinity of the labeled antibodies in mixture A was much lower than that of the antibodies in reference serum R, and the amount of radioactivity precipitated at P~ was only 1120 cpm. In contrast, the affinity of the antibodies in mixture A was almost the same as that of the antibodies in reference serum P and the radioactivity precipitated at P~ was 2890 cpm. Similarly, when the relative affin{ty of the labeled antibodies was much higher than that of the reference antibodies, the maximum amount of labeled antibody was not precipitated at the point of maximum precipitation of the reference antibody. Thus, the equivalence points for the labeled and reference antibodies do not coincide exactly unless the relative affinity is 1.0 (see also Fig. 2 ).
4. Labeled antibodies of different relative affinity are distinguished most effectively by an antiserum of intermediate affinity. For instance, if antibodies A and E are compared, the difference in relative affanity is greater with reference antiserum Q (0.20 versus 1.9) than with sera P or R. By careful choice of reference antiserum, it is possible to distinguish between two labeled antibodies that differ in binding constant by no more than a factor of 2.
In the analysis outlined here, heterogeneity in binding, well documented for anti-DNP antibodies (8), has not been considered. Although it affects the precise form of the theoretical binding curves as well as the precipitation pattern of labeled antibodies, heterogeneity does not alter the relative affinity since the latter is defined as an average property of a population of labeled antibody molecules. The heterogeneity of labeled antibodies will be considered in an accompanying paper (17) .
DISCUSSION
Of the many methods used for measuring the specific binding activity of antibodies, the most informative and unambiguous determine the average in-trinsic association constant for the reversible formation of soluble complexes with small univalent ligands. According to commonly used terminology, such constants provide a measure of the antibody's affinity for the ligand. With most naturally occurring antigens, however, the relevant antigenic determinants are not available in the form of simple univalent ligands, and straightforward binding studies are not feasible. Instead, the reactivity of an antibody preparation is often estimated in terms of the avidity or ability of the antibody molecules to form stable complexes with antigens. The avidity may be estimated in various ways, e.g. in terms of the shape of toxin neutralization curves (21) , the speed of association or dissociation of antigen-antibody complexes (22) (23) (24) (25) (26) (27) , or the effect of dilution in causing the complexes to dissociate (25, 28, 29) . The several assays appear to be related because sera that are avid by one criterion often appear avid by another.
Although the affinity of an antibody's active sites for determinant groups on the corresponding antigen must play an important role, other factors can also influence the stability of antibody-antigen complexes. For example, extensively acetylated antibodies form precipitating complexes with antigens only poorly, but in at least one case their binding of small univalent ligands was just as effective as that of the nonacetylated antibody (30) . If precipitation is taken as the measure of antigen-antibody complex formation, one would conclude that the acetylated antibody had greatly reduced avidity for the antigen even though its affinity for the specific determinant groups was unimpaired. In a more natural example, certain 7S equine anti-p-azophenyl-/%lactoside (Lac) antibodies (tentatively called "yG(T)-immtmoglobulin) had higher affinity for simple lactosides than did ~/G-anti-Lac antibodies from the same serum, but the ~/G(T)-antibodies did not form precipitable complexes with Lac antigens, whereas the ~/G-antibodies did (31) . Thus the ~/G(T)-antibodies would appear, at least by this criterion, to be less avid than the qtG-antibodies of the same specificity, while having higher affinity for simple Lac ligands.
Statistical factors, involving the number of binding sites per antibody molecule, probably also exert a marked influence on avidity, as is evident from comparison of qtG-and 3,M-antibodies. In contrast to the bivalency of 3,G-antibodies, 3,M-antibodies appear to have at least five ligand binding sites per molecule (32) . It seems likely, therefore, that even if both forms of the antibody had the same average intrinsic association constant for the binding of a given univalent ligand, the 3,M-molecnles would nonetheless tend to form more stable complexes with the corresponding multivalent ligand, because of the smaller probability that all their sites would be simultaneously dissociated. Thus 3,M-antibodies may appear more avid than 3,G-antibodies with the same affinity for a given ligand. These considerations may account for the remarkable effectiveness of ~/M-antibodies at low concentration in causing agglutination of ervthrocytes (33, 34) or bacteria (35) .
The assay for relative aflSuity described in the present study measures the binding and subsequent precipitation of small amounts of labeled antibody by macromolecular antigens in the presence of a large quantity of uulabled antibody of the same specificity. Thus, the property of antibody which is measured is essentially its precipitability. It would therefore be consistent with general usage to say that this assay provides an estimate of the avidity of the labeled antibodies. However, these studies have been carried out with antibodies directed against an antigenic determinant (the dinitrophenyl group) that is available in the form of simple univalent ligands. It has been possible, therefore, to establish a correlation between the binding of these antibodies by multiply substituted dinitrophenyl antigens ("relative ~nity") and the association constants for simple, univalent dinitrophenyl ligands. Thus, anti-DNP antibodies low in relative affinity correspond to reference antibodies with low average intrinsic association constants for combination with simple ligands; those high in relative affinity correspond to antibodies with high association constants. This correlation suggests that the changes in free energy resulting from precipitation with antigen may be essentially uniform, at least for those rabbit anti-DNP antibodies that are "yG-immunoglobulins, the variation in precipitability (relative af~n~ty) being related primarily to differences in intrinsic association constant.
It should be possible to determine in an analogous manner the relative affinity of labeled antibodies in any precipitating antigen-antibody system. Although direct correlation with binding constants will not be possible in many cases, it is reasonable to assume that the relative affinity will largely reflect the energy of interaction between the antibodies and the relevant antigenic determinants. Nevertheless, the possibility that precipitation may not always be directly related to the intrinsic binding activity should be considered, as in the examples cited above. It is also possible that certain antibodies that do not themselves precipitate with antigen may bind specifically to a matrix formed by antigen and precipitating antibodies (e.g., in the reference antiserum). The relative at~inity of such coprecipitating antibodies could then be determined.
As will be shown in the following paper (17) , the present assay has been particularly useful for studying the combining power of the antibodies synthesized and secreted by suspensions of lymph node cells. The assay could, however, be adapted to measure the relative affinity of any labeled antibody preparation. Moreover, compared to most other procedures for measuring binding, the method is unusual in its flexibility. By varying the reference antiserum, the relative a~ity of labeled antibody preparations of low affinity or of high at~uity can be determined with equal ease. Indeed, it is possible to order labeled antibody preparations with respect to their binding power even when the corresponding association constants fall outside the limits mcasureable by other methods.
SUM~,~Y
An assay for the binding efficiency or "relative affinity" of trace amounts of radioactively labeled anti-2,4-dinitrophenyl (DNP) antibodies has been developed. The assay measures the relative ability of the labeled antibodies to combine and precipitate with antigen in the presence of a large amount of unlabeled reference antibody of the same specificity. It has been possible to correlate the relative affinity of the labeled antibodies for dinitrophenylated antigens with the association constants of the reference antibodies for simple univalent DNP ligands. 
